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Abstract 
The paper concerns computer simulation of 5-(4-carboxy-phenyl)-10,15,20-tris(3,5-di-t-butylphenyl) porphyrin adsorption on 
Au(111). Geometry of the molecule on the surface is investigated with molecular dynamics method. Geometrically optimized 
model of the adsorbed monolayer is used in further studies for calculating the value of intermolecular interaction with more 
accurate Density Functional Theory. It is found that geometrical changing of the molecules and discontinuity of their location on 
the surface influence the hydrogen bond, which decreases by 60% in relation to the value of the hydrogen bond between those 
molecules without Au(111) surface. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Omsk State Technical University. 
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1. Introduction 
Oil is a complex natural mixture of organic substances, being the global main energy resource and a resource for 
production various chemical products. One of the important nitrogen oil compounds is porphyrin. Porphyrin 
molecules have 4 pyrrole rings in their chemical structure and can be found in oil in the form of nickel and vanadium 
complexes. Porphyrins can be widely used, for instance, as active elements in chemical and biological sensors, when 
producing semi-conductor films and molecular logical elements, are used in heterogeneous catalysis, and in 
developing sorbents for oil demetallization [1-7]. 
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As a rule, the first step of obtaining the substances and devices described above is a formation of porphyrin 
adsorption monolayer on metal or semi-conductor surfaces, which can later be used as a matrix for more 
complicated functional structures. Properties of the monolayer being created define the structure and the properties 
of the final product – a film, a catalyst, active elements of sensors and so on. There are a lot of experimental studies, 
concerning such type of adsorption systems [5-9]. However, for controlling the process of self-assembly and 
predicting the adsorption layer behavior, detailed understanding of mechanisms and patterns of elementary 
physicochemical processes on the surface is necessary. 
Main factors, determining the formation and stability of ordered adsorption overlayers, are the following: 
“adsorbate-substrate” and “adsorbate-adsorbate” interactions [10]. In some cases, when one of them is 
determinative, the second one can be neglected or considered in a simplified form. If we consider adsorption of large 
organic molecules, which have a functional group able to form hydrogen bond in their structure, both factors are 
important. 
 
 
Fig. 1. (а) CaTBPP molecular structure, (b) surface images [2], (c) molecules, combined into a dimer. 
In this paper we investigated adsorption of 5-(4-carboxyphenyl)-10, 15, 20-tris (3, 5-bi-t-butylphenyl) porphyrin 
(CaTBPP) (Fig. 1a) on Au(111). Earlier, Yokoyama et al. [5] obtained images (Fig. 1b) with scanning tunneling 
microscopy (SТМ) for this system. It can be seen, that molecules on the surface are combined in dimers (Fig. 1c). 
This occurs because of hydrogen bonding. It can also be seen, that adsorbed molecules are curved in the area of 
porphyrin ring. Theoretical investigation of this system has not been carried out earlier, that is why the reasons of 
such behavior are still unclear. 
It is very problematic to experimentally study the influence of the surface on molecular geometry, as well as to 
calculate the energy of hydrogen bond occurring between adsorbed molecules in the adlayer. For this purpose 
computer modeling seems more suitable. 
2. Methods 
Nowadays, the most accurate methods for modeling various molecular systems are quantum-chemical methods 
[11-14], such as Hartree-Fock method, density functional theory (DFT) and others. However, such accurate methods 
allow us to investigate rather small systems, consisting of some hundreds of atoms. Molecular CaTBPP has 
considerable size (about 2 nm) and consists of 153 atoms. Besides the molecule, while modeling the adsorption, it is 
required to consider metal atoms, which has many electrons in their structure. Moreover, metal surface should be 
rather large in comparison with molecular size. Thus, quantum-chemical methods  requires a lot of computational 
resources. 
In this paper, we propose to exploit molecular dynamics (MD) for modeling the surface influence on geometry of 
the adsorbed molecule. It is less accurate than quantum-chemical methods, but provides modeling of the systems, 
consisting of a large number of atoms. It allows one to develop and geometrically optimize the adsorption overlayer 
model. We use it to obtain desirable pair configurations of adsorbed molecules. Then, to calculate the energy of 
interaction between molecules, more accurate DFT calculations can be used. 
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 Materials Studio 7.0 program package (Accelrys) was used. It allows to carry out calculations with MD method 
(Forcite module) and DFT (module DMol3). When calculating by MD method, we used COMPASS force field, 
which is able to describe hybrid systems, containing both organic and inorganic substances. The intermolecular 
interaction energy was calculated with DFT, using BLYP functional and DFT-D correction. 
3. Modeling 
Firstly, Au(111) surface model, consisting of 6500 atoms arranged in five layers, was developed. Then, we 
investigated the free energy of the system with MD method and found the system configuration (geometrical 
optimization), corresponding to the smallest energy. The result is given in Fig. 2а. In the same way, the geometry of 
free CaTBPP molecule (Fig. 2b) was obtained. As it can be seen, the porphyrin ring has almost flat structure, but 
phenyl radicals are turned relatively to it by an angle of about 60 degrees. It can be noted that it is in good agreement 
with DFT calculations, carried by Yokoyama et al. in 2001 for the molecule with similar chemical structure [6]. 
Further, the optimized CaTBPP molecule was placed on the gold surface and geometrical optimization was 
carried out (Fig. 2c). Porphyrin ring has been curved significantly, and the angle between porphyrin ring and phenyl 
radicals decreased twice. Under the surface influence the molecule curves. It is qualitatively consistent with the 
given STM images (Fig. 1c). 
After that, according to the experimental data [7], we developed the geometry model of adsorption overlayer, 
consisting of the dimers. Then, geometrical optimization of the system was performed. Thus, we obtain the atomic 
scale model of the adsorption overlayer (Fig. 2d). 
 
Fig. 1. (а) Au surface model, (b) optimized molecular CaTBPPв in a free state, (c) optimized molecular CaTBPP on the surface, (d) optimized 
adsorption layer model. 
As it was already noted, when orienting molecules by functional groups towards each other, hydrogen bond is 
possible to occur. The intermolecular interaction energy also includes other types of interactions, such as van der 
Waals force. To calculate this energy value experimentally is not an easy task, but this information is required to 
better understand the system behaviour. 
4. Results and discussion 
The developed model of adsorption overlayer provides the pair configuration of the CaTBPP molecules oriented 
towards each other by functional groups. This configuration is presented separately in Fig. 3b. It can be used in 
further accurate calculations of the interaction energy. 
To estimate the surface influence on the intermolecular interaction, let us calculate the energy of interaction 
between two molecules without surface (Fig. 3а). This pair configuration is obtained by geometry optimization of 
molecular pair without considering the surface. According to the DFT calculations, energy value is equal to -95.9 
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kJ/mol. This value includes the energy of hydrogen bond and other intermolecular interactions. It is well-known, that 
DFT does not suit well for describing interactions of this type, that is why DFT-D correction was used. 
 
 
Fig. 2. Geometrically optimized configurations of two molecules: (a) in a free state, (b) under the influence of Au(111) surface. 
Energy of interaction between molecules, curved under surface influence, is equal to -58.1 kJ/mol. It is clear that 
this value is 60% smaller than between free molecules. It can be explained by non-optimal arrangement of the 
molecules with respect to each other. On the one hand, there are steric restrictions, as a result, a small angle between 
carboxyphenyl rings (about 10 degrees) occurs. On the other hand, adsorbed molecules are not at optimal distance, 
comparing with the case of free molecules. It can be explained by the fact that molecules CaTBPP cannot 
continuously move on the surface, and there is some discontinuity of their locations. 
5. Conclusion 
In this paper we address the influence of the surface on the geometry and the energy of the hydrogen bond 
between the CaTBPP molecules in the adsorption monolayer on Au(111) surface. It is found out, that porphyrin ring 
is being curved on the surface, аnd steric restrictions prevent the phenyl radicals from turning more than 30 degrees 
relatively to the porphyrin ring .  
Geometrical changing of the molecules and discontinuity of their location on the surface influence the force of the 
hydrogen bond, which decreases by 60% in relation to the value of the energy between those molecules without 
Au(111) surface. 
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